The self-diffusion of two-dimensional small Ag islands (containing up to 10 atoms) on Ag(111) surface has been studied using and self-learning kinetic Monte Carlo [J. Phys.: Condens. Matter 24, 354004 (2012)] simulations. A variety of concerted, multi-atom and single-atom processes were automatically revealed in these simulations. The size dependence of the diffusion coefficients, effective energy barriers as well as key diffusion processes responsible for island diffusion are reported. In addition, we have compared activation barriers for concerted diffusion processes with those obtained from Density Functional Theory (DFT) calculations.
I. INTRODUCTION
Detailed understanding of diffusion processes is essential for various surface related phenomena such as heterogenous catalysis, epitaxial growth, surface reconstruction, phase transition, segregation, sintering and other topics in surface science 1, 2 . Therefore a great deal of effort has been devoted towards the Self-diffusion of single atom and clusters on metal surfaces 3 both theoretically and experimentally [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . There has also been both experimental and theoretical efforts to find the activation barriers and prefactors for adatom diffusion process [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] on various surfaces. Although various theoretical investigations have been performed for Ag/Ag(111) system using embedded atom method (EAM) 22, 32 , corrected effective medium theory (CEM) 33 , effective medium theory (EMT) 24, 33, 34 and ab initio calculations 35, 36 , but to the best of our knowledge there has been no systematic experimental or theoretical effort to understand diffusion mechanisms and calculate their activation barriers for small Ag islands on Ag(111) surface. Accordingly, in this article we focus on the identification and calculation of the diffusion processes and their activation barriers for self-diffusion of small Ag islands (1 − 10 atoms) on Ag(111) surface as function of island size.
Due to the presence of two three-fold adsorption sites (fcc and hcp) on fcc(111) surface ( Fig. 1(b) ), adsorption energies for a single atom or cluster on this surface may differ for different systems leading to different diffusion pattern on this surface. It is therefore important to identify these differences in adsorption energies and various activation energies for the diffusion processes in these systems as accuratly as possible. Density functional theory (DFT) based calculations for the activation energies of diffusion processes, are most accurate to resolve such differences but are very time consuming. On the other hand classical molecular static calculations using interaction potential are very fast and easy to manage but their accuracy is determined by the interaction potential used. Therefore in this study we have done detailed DFT calculations for the activation energies for some of the important diffusion processes and compare them with those obtained from interaction-potential based molecular static calculations to validate the accuracy of our approach.
As potential energy surface of the atomically flat fcc(111) surface is least corrugated, it results in low activation barriers even for clusters to diffuse as a whole on this surface. Therefore studies of diffusion processes on this surface is a challenging problem for both experiments and simulations. For smaller islands (upto tetramer) all possible diffusion processes can be listed, but as island size gets larger it becomes more difficult to enumerate all possible diffusion processes a priori. On the other hand, as diffusion processes are rare events, molecular dynamics (MD) simulation cannot capture every microscopic processes possible. Therefore, to do a systematic study of small Ag island diffusion on Ag (111) surface we have used on-lattice self-learning kinetic Monte Carlo (SLKMC-II) method 37 , which automatically finds all the relevant atomistic processes and their activation barriers on-the-fly for system under study. This paper is organized as follows. In section II we briefly discuss SLKMC-II method and describe the way through which various diffusion processes are identified and their activation barriers are calculated. In section III we present details of single-atom, multi-atom and concerted diffusion processes responsible for the diffusion of Ag islands of size 1 − 10 atoms on Ag(111) surface. Section IV provide quantitative analysis of the results of the diffusion coefficients and effective energy barriers of the islands studied. Last section V is devoted to the discussion and conclusions.
II. SIMULATION DETAILS
To study self diffusion of Ag islands on fcc Ag(111) surface, we have carried out SLKMC simulations using an extended pattern recognition scheme 37 which includes both fcc and hcp sites in the identification of neighborhood around an atom. Further details on simulation cell size, calculation of energy barriers for various diffusion processes and other details can be found elsewhere 37 .
In order to check the accuracy of our approach for the calculation of energy barriers, we have verified the energy barriers of some of the key concerted diffusion processes for various island sizes of Ag/Ag(111) system using climbing image nudged elastic band (CI-NEB) method as implemented in the VASP code 38, 39 employing the projector augmented wave (PAW) 39, 40 and plane-wave basis set methods, setting the kinetic energy cutoff for plane-wave expansion to 500 eV and describing exchangecorrelation interaction between electrons by the PerdewBurke-Ernzerhof functional (PBE) 41 . For all cases, we have used slab size of 5x5x4 (for 10 atoms island we use a 7 × 7 × 4 slab) layers with a vaccume of 15Å. We relax all surface structures, using the conjugate-gradient algorithm 42 , until all force components acting on each atom is smaller than 0.01 eV/Å. In all calculations, after initial relaxation of the slab where all atoms were relaxed, we fix the bottom three layers. In calculating energy barriers and searching transition states, we first use the Nudged Elastic Band (NEB) method 43 for preliminarily determining a minimum energy path, then apply a Climbing Image Nudged Elastic Band (CI-NEB) 44 calculation. We find that using NEB followed by CI-NEB calculations is efficient in searching transition states than performing NEB alone. Here in, we use the term "(CI-)NEB" to refer a combination of NEB and CI-NEB calculations. In all (CI)-NEB calculations, we used 7 images in each case.
In all our calculations we use the same pre-exponential factor of 10 12 s −1 for all diffusion processes for our KMC simulations, this has been proven to be a good assumption for the systems like the present one 45, 46 .
III. RESULTS

A. General Details
In order to uniquely identify whether an adatom is on an fcc or on an hcp site on the fcc(111) surface requires knowledge of at least 2 layers, namely the top layer of the substrate and the layer below. Therefore, the same convention as in our previous study (Ref. 37) is followed. That is, the center of an upward-pointing triangle formed by the substrate atoms is an fcc site, and the center of a downward-pointing triangle is the hcp site . On the fcc(111) surface, all atoms in an island can sit on fcc sites or on hcp sites or on a combination of both sites, called fcc-, hcp-and mixed-island, respectively. Furthermore, activation barriers of single-atom processes depend on various factors including the type of step-edge, namely A-or B-type, (see Fig.1(b) in Ref. 37 ) along which atom diffuses. Depending on the type of material either the fcc-island or the hcp-island or mixed-island can be energetically favorable, but in case of Ag(111) surface it is always the fcc-island with few exceptions as.
A compact adatom island (called island from hereon) on an fcc(111) surface can move in the three directions (movement of a compact island along other three directions going over the top sites usually results in processes with large energy barriers which are not selected for the range of temperature used in these simulations and hence we do not include them in this study to speed up simulations) shown in Fig.1 . Note that the numbering scheme for the directions open to an atom on an fcc site is inverse to that for those open to an atom on an hcp site (see Fig.1 ). We follow the enumeration convention for directions distinguished in Fig.1 throughout the article in tabulating activation barriers for various processes.
Our SLKMC simulations automatically discovered various types of concerted, multi-and single-atom diffusion processes for the island sizes studied.
Concerted diffusion processes involve all atoms moving together from all-fcc sites to all-hcp sites or vice-versa. A concerted process can be either a concerted translation of the entire island in one of the three directions shown in Fig. 1 or concerted rotation of the entire island around the axis through the center of mass of the island perpendicular to the substrate surface, either clockwise or anti-clockwise. Concerted rotational processes may (for example in the case of dimer) or may not (for example in the case of trimer) produce any displacement in the center of mass of the island whereas concerted translation processes always produces the maximum displacement (a/2 √ 2) in the center of mass of the island. Note that in our simulations, concerted rotation processes were observed for dimer and trimer. On the other hand concerted translation processes were observed for compact islands of all sizes. For a particular island size (usually compact islands), activation barriers for the concerted processes along the three directions can be different (depending upon the type of step-edge along the diffusion direction) except for highly symmetric geometries like trimers and heptamers. Also activation barriers for concerted processes for a compact fcc-island along different directions are different than for those of the compact hcp-island of the same size. We will discuss concerted diffusion processes for various island sizes in this section.
Various types of multi-atom diffusion processes like, shearing, reptation and rotation were found mainly for island sizes from 5-10 atoms. In the case of shearing process, part of the island (usually more than one atoms) move from fcc to fcc (or from hcp to hcp sites). On the other hand, reptation 47 is a two-step shearing process that move the cluster from all-fcc to all-hcp sites or the reverse: first, part of the island moves from fcc to hcp sites (hcp to fcc) creating a dislocation; then the rest of the island moves from fcc to hcp (hcp to fcc). Hence at the intermediate stage, the island has mixed fcc-hcp occupancy. We have also observed multi-atom rotation processes, mostly involving trimers. Multi-atom processes like shearing is mainly found for compact or almost compact islands where as for mixed-islands, repetition and rotation were observed from island size 5 to 10 atoms. Activation barriers for multi-atom (including shearing, reptation and rotation) processes depend on the type of the island (fcc-or hcp-or mixed-island) as well as type of step-edge along which diffusion process takes place. As island size increases, number of multias well as single-atom processes increases. Multi-atom processes are discussed in detail when we take up islands of size 8-10 where as single atom processes are discussed in subsection. III B 10.
B. Diffusion Processes
In this section key diffusion processes of the various general types (concerted, multi-atom and single-atom) are discussed in detail. In addition, activation barriers for some of the concerted diffusion processes are compared with those obtained from DFT calculations. Note that values on top of each pair of figures are the relative energies for those configurations.
Dimer
On fcc(111) surface, a dimer can have three possible arrangements; two dimers with both atoms on hcp sites (called hh-dimer, Fig. 2(a) ) or on fcc sites (called ff-dimer, Fig. 2(b) ) and a dimer with one atom on fcc and the other on hcp site (called fh-dimer, Fig. 3(a) ). Note that both ff-and hh-dimers have equal lenght step edges of both A-and B-type. Our calculations show that ff-dimer is energetically more favorable (0.001 eV from EAM potential and 0.007 eV from DFT calculations) than hh-dimer whereas fh-dimer is less favorable (0.033 eV) than ff-dimer.
There are two different types of concerted diffusion processes, namely concerted translations (two symmetric translations along direction 2 and 3 and another one along direction 1) and concerted rotations (both clockwise and anti-clockwise) for both hh-and ff-dimers as shown in Fig. 2 dimer. In the case of hh-dimer, activation barrier for concerted translation ( Fig. 2 (a)) along direction 2 ( Fig. 1(b) ) is 0.115 eV where as along direction 1 ( Fig. 1(b) ) it is 0.097 eV ( Fig. 2 (c) ) while for concerted rotation around the top site ( Fig. 2 (e) ) it is 0.055 eV. For the case of ff-dimer, activation barrier for concerted translation ( Fig. 2(b) ) along direction 2 ( Fig. 1(b) ) is 0.116 eV where as along direction 1 ( Fig. 1(b) ) it is 0.098 eV ( Fig. 2 (c) ) while for concerted rotation (along direction 2 -anticlockwise) around the top site ( Fig. 2 (e) ) it is 0.056 eV. Note that, due to symmetry, activation barrier along direction 3 for concerted translation and rotation (clockwise and anti-clockwise) is the same, for both hh-and ff-dimer. Our database also contains single atom processes which converts ff-dimer to fh-dimer (mixed-dimer) with energy barrier of 0.055 eV ( Fig. 3(b) ) with reverse barrier of 0.021 eV ( Fig. 3(a) )to convert back to ff-dimer. Similarly an energy barrier of 0.055 eV converts an hh-dimer ( Fig. 3(d) ) to fh-dimer with a reverse barrier of 0.022 eV ( Fig. 3(c) )to go back to hh-dimer. Our database also contains single atom long jump processes (in which an atom of dimer moves from fcc(hcp) to next fcc(hcp) site) as well as detachment processes as shown in Fig. 3 (e & f). We found that both ff-and hh-dimers diffuse via concerted (both rotaion and translation) as well as single atom processes whereas fh-dimer diffuses via single atom processes.
Trimer
Two different types of compact triangular trimers can be obtained from each ff-and hh-dimers of In the case of compact F3T and H3T trimers two types of concerted processes were found, non-diffusive symmetric rotations (both clockwise and anti-clockwise as shown in Our simulations also finds single atom shape changing processes for trimers. For compact trimers (Fig. 6 (a-d) ), an atom can can move in 4 different directions as shown in Fig. 6 . Directions 1 & 4 correspond to edge diffusion process which opens up the trimer (into an non-compact trimer) while direction 2 & 3 correspond to detachment process. We note that these processes move atoms from fcc (hcp) to nearest fcc (hcp) site. Activation barriers in these 4 directions for different types of trimers are shown in Fig. 6 . Other types of single atom processes like corner rounding to convert non-compact trimers to linear trimers (and back) are also automatically found in our simulations. We note that as the island size gets bigger, types of these single atom processes becomes large and we categorized them in single atom processes section for cluster sizes lager than 4 atoms. It can be seen from activation barriers and were rarely observed during KMC simulations.
Tetramer
Adding another atom to three different available positions to the compact F3H trimer shown in Fig. 7 (b) results in the formation of three compact fcc-tetramers with a long (along the line joining the farthest atoms) and a short diagonal (perpendicular to the long diagonal ) as shown in Fig. 7 (a, c & d) . Similar tetramers are obtained from F3T trimer. Note that both F3H and F3T trimers results in the same three compact fcc-tetramers ( Fig. 7 (a, c & d) ) which are symmetric to eachother. Similarly both H3F and H3T trimers results in three compact hcp-tetramers with geometry similar to those of compact Our calculations show that fcc-tetramer is 0.002 eV more stable that hcp-tetramer. Three types of concerted processes are possible for a compact tetramer; one along each direction as shown in (Fig. 1(b) ). Two out of the three concerted processes (along direction 2 & 3) for each fcc-and hcp-tetramer are symmetric processes. Our SLKMC simulations also found single atom as well as multi-atom processes for tetramers. Fig. 8(a & b) shows concerted diffusion process, which converts an fcc-tetramer to an hcp-tetramer, along direction 2 (barrier along direction 3 is also same due to symmetry) for an fcc-tetramer with energy barrier of 0.193 eV with a reverse energy barrier (for an hcptetramer to covert to fcc-tetramer) of 0.191 eV whereas energy barrier along direction 1 is 0.245 eV with reverse barrier (for hcp-tetramer) of 0.243 eV (see Table. II). Note that concerted processes in symmetric directions are not shown. We also found multi-atom process as shown in Fig. 8(c & d) in which two atoms (along one of the A-steps in the tetramer) move together in the same direction like a shearing mechanism. This diffusion process has an activation barrier of 0.285 eV and 0.276 eV for the compact fcc-and hcp-tetramers respec- tively. This multi-atom process converts parallelogram shaped fcc-tetramer ( Fig. 8(c) ) to diamond shaped fcctetramer ( Fig. 8(d) ) and vice versa. Anothe multi-atom process involving two atoms (along the other A-step of the tetramer in Fig. 8(c) ), called dimer shearing, converts it into parallelogram shaped fcc-tetramer of Fig. 8(a) . Similar multi-atom processes are also present for compact hcp-tetramer. These dimer shearing processes are also present in island sizes greater than tetramer. Note that these multi-atom processe are crucial for random motion of tetramer island, their absence results in anomolous diffusion of tetramer. Multi-atom shearing processes along B-steps of the fcc-and hcp-tetramers have very high energy barries and hence we do not report them here.
Pentamer
Two compact fcc-pentamers can be obtained by attaching an atom to the compact fcc-tetramer of Fig. 8 (a) as shown in Fig. 9(a) . Although the geometry of compact fcc-pentamers thus obtained looks similar, attaching an atom to an A-type step edge of an fcc-tetramer results in an fcc-pentamer with three A-type steps (one A-type step of length 2 and two A-type steps each of length 1) and one B-type step (of length 1) as shown in Fig. 9 (c) (called A-type fcc-pentamer from hereon) whereas attaching an atom to a B-type step edge of an fcc-tetramer results in an fcc-pentamer with three B-type steps (one B-type step of length 2 and two B-type steps each of length 1) and one A-type step (of length 1) as shown in Fig. 9(b) ) (called B-type fcc-pentamer from hereon). Similarly two compact hcp-pentamers called A-type hcp-pentamer (with three A-type steps and one Btype step) and B-type hcp-pentamer(with three B-types and one A-type step) can be obtained by attaching an atom either on A-step or B-step of the hcp-tetramer (see Fig. 10(b & d) ). Compact A-type fcc-pentamer as shown in Fig. 10(c) ) is 9 meV energetically more favorable than B type hcp-pentamer ( Fig. 10(d) )) where as B-type fccpentamer (see Fig. 10(a) )) is 5 meV less favorable and A-type hcp-pentamer (shown in Fig. 10(b)) ).
In our SLKMC simulation we found that compact Aand B-type fcc-and hcp-pentamers diffuses mostly via concerted diffusion processes which displace the island as a whole from fcc-to-fcc (hcp-to-hcp) and vice-versa. Fig. 10 shows an example of concerted diffusion process and corresponding activation barriers for parallelogram shaped compact A-and B-type hcp- (Fig. 10(b & d) ) and fcc-pentamers (Fig. 10(c & a) ) along direction 3. Table III shows activation barriers for concerted processes for a compact parallelogram shaped A-type and B-type fcc-and hcp-pentamers (see Fig. 10 (a)&(b)) in all 3 directions. As can be seen from Fig. 10 (a & b) that fcc-to-hcp concerted diffusion process for parallelogram shaped B-type fcc-pentamer have lower activation barriers than hcp-to-fcc diffusion process for compact parallelogram shaped A-type hcp-pentamer as compact parallelogram shaped A-type hcp-pentamer is 5 mEV more stable than compact parallelogram shaped B-type fccpentamer. Similarly compact parallelogram shaped Atype fcc-pentamer is 8 meV more stable than compact parallelogram shaped B-type hcp-pentmaer as shown in Fig. 10 (c & d) . Also note that concerted processes in other two directions (not shown in Fig. 10 ) are symmetric for both compact parallelogram shaped A-and B-type fcc-and hcp-pentamers as shown in Table III . Note that all concerted diffusion processes converts an A-type fcc-pentamer to a B-type hcp-pentamer (Fig. 10  (c & d) ) and vice versa. Similarly, all concerted diffusion processes converts a B-type fcc-pentamer to an A-type hcp-pentamer ( Fig. 10 (a & b) ) and vice versa. Hence if we start with an A-type fcc-pentamer, then only B-type hcp-pentamer is accessible through concerted processes whereas B-type fcc-and A-type hcp-pentamers are not accessible. Same is the case when we start either with B-type fcc-pentamer or A-type hcp-pentamer. This results in anamolous diffusion for compact pentamer. In order to get random diffusion for compact pentamer, shape changing single-atom corner rounding processes are cruical. One such example of shape changing single atom corner rounding process is shown in Fig. 11 for an fcc pentamer. To get an A-type fcc-pentamer (Fig. 11(b  & c) ), energy barrier for this single atom corner rounding process is 0.136 eV with a reverse barrier of 0.396 eV while to get a B-type fcc-pentamer (Fig. 11(b & a) ), it is 0.063 eV with a reverse barrier of 0.315 eV. Similar single atom corner rounding processes to get A-and B-type hcp-pentamers from an hcp-pentamer were also found automatically during simulations. Our database for pentamer also contains various types of multi-atom processes found automatically during simulations. 
Hexamer
Compact B-type hcp-pentamer of Fig. 9 (b) results in three compact hexamers, namely: A triangular B-type fcc-hexamer (with all B-steps each of length 2 as shown in Fig. 12(b) ) and two parallelogram shaped fcc-hexamers (symmetric) with same lengths of A and B-type steps (we will call them parallelogram fcc-hexamer) as shown in Fig. 12(c & d) . From a compact A-type fcc-pentamer of Fig. 9(c) , three compact hexamers, namely: A triangular A-type fcc-hexamer (with all A-steps each of length Fig. 14(d) ) and B-type (with all B-steps as shown in Fig. 14(b) ) respectively and two parallelogram shaped compact hcp-hexamers (symmetric) with equal lengths of A-and B-steps (as shown in Fig. 13(b) ).
We found that compact parallelogram fcc-hexamer with similar A-and B-steps ( Fig. 13 (a) ) is most stable whereas compact parallelogram hcp-hexamer with similar A-and B-steps ( Fig. 13 (b) ) is 0.002 eV less stable. Also compact triangular A-type fcc-hexamer ( Fig. 14 (a) ) is 0.015 eV more stable than compact triangular B-type hcp-trangular hexamer (Fig. 14 (b) ). whereas compact triangular A-type hcp-hexamer ( Fig. 14 (d) ) is 0.010 eV more stable than compact triangular B-type fcc-hexamer (( Fig. 14 (c)) ). Fig. 13 shows concerted diffusion process for compact parallelogram fcc-and hcp-hexamer along direction 1, activation barriers in all three directions are given in Tables. IV. As can be seen from Table. IV, the concerted diffusion barrier for compact parallelogram fccand hcp-hexamers of Fig. 13 are different in all three directions. Reported in Fig. 14 are the concerted diffusion processes for compact triangular A-and B-type fccand hcp-hexamer along direction 1. Since all three directions for the compact triangular A-and B-type hexamers shown in Fig. 14 are symmetric, so their activation barriers for concerted diffusion are same in all three directions. 
Heptamer
On fcc(111) surface heptamer has a compact closedshell structure (having same A-and B-type steps of equal lengths) with each edge atom having at least three nearest neighbor bonds as shown in Fig. 15 . There are two compact hexagonal shaped heptamers, one occupying fcc (called fcc-heptamer) and other occupying hcp (called hcp-heptamer) sites. Our SLKMC simulations found that both fcc-and hcp-heptamer diffuses primarily via concerted diffusion processes, which displace the cluster from fcc-to-hcp and vice versa, and their barriers are shown in Fig. 15 . This can also be concluded from the effective activation barrier shown in table. 27, which is closer to the average of activation barriers shown in Fig. 15 . Since the compact heptamer has a symmetric shape accordingly activation barriers in all the other directions are also the same as shown in Fig. 15 . We note that fcc heptamer is 0.002 eV more favorable than hcp heptamer. Our database for hepatmer also contains various single-and multi-atom processes as well.
Octamer
Adding another atom to the compact fcc-heptamer, we get two compact octamers, one with overall long Btype step egdes than A-type step edges (called B-type fcc-octamer) obtained by attaching an atom to one of the A-steps of fcc-heptamer ( Fig. 16(a & b) ) and another one with overall long A-type step egdes than Btype step edges (called A-type fcc-octamer) obtained by attaching an atom to one of the B-type step edges of fcc-heptamer ( Fig. 16(a & c) ). Similarly two compact Band A-type hcp-octamer can be obtained by attaching another atom to any of the A-and B-type step edges of the compact hcp-heptamer of Fig. 15 are shown in Fig. 17  (b & d) . Compact A-type fcc-octamer is 0.008 eV more stable than compact B-type hcp-octamer whereas compact A-type hcp-octamer is 0.002 eV more stable than compact B-type hcp-octamer. Compact octamers diffuse via concerted diffusion processes which displaces the island from all-fcc sites to allhcp sites and vice versa as shown in Fig 17 (a -d) . In general, activation barriers for compact A-and B-type fcc-octamers are different. Same is the case for A-and B-type hcp-octamers. It can be seen in the Fig. 17 (a -d) that concerted diffusion process convert an A-type fccoctamer into a B-type hcp-octamerand vice versa. Table. V gives activation barriers for concerted diffusion processes in all 3 directions for both compact fcc-and hcp-octamers (see Fig. 17 ). We note that concerted diffusion processes in the directions 2 and 3 are symmetric and have lowest energy barrier whereas for direction 1 it is highest. Although compact octamers diffuse primarily via concerted diffusion processes, we found in our simulations that both multi-atom (including shearing, reptation, rotation etc) and single-atom (including kink attachment/detachment, corner rounding etc.) processes are also relatively common. Accordingly we will discuss multi-atom processes particular to this island size here, while single atom processes, which are common to all island sizes, will be discussed in detail later.
Interesting multi-atom processes includes shearing and reptation as shown in Figs. 18 & 19 are also found in our simulations. In the case of shearing processes, part of the island (more that one atom) moves from fcc (hcp) to the nearest fcc (hcp) sites if the island is initially on fcc (hcp) sites. An example of trimer shearing process along with their activation barriers is shown in Fig. 18 V. Activation barriers (eV) for concerted diffusion processes for compact A-type (B-type) fcc-octamers and compact B-type (A-type) hcp-octamers as shown in Fig. 17 (ad) . Another important multi-atom process is reptation through which an entire island diffuses from all-fcc (allhcp) to all-hcp (all-fcc) sites in a two step shearing process. In the first step part of the island moves from fcc (hcp) to nearest hcp (fcc) sites (see Fig.19(a & b) ) and in this intermediate state, part of the island is on fcc sites and part of it is on hcp sites. In the next step, part of the island which is on fcc (hcp) sites moves to hcp (fcc) sites (see Fig.19(a & b) ) thus completing the reptation mechanism.
Nonamer
By addition of another atom to either of the compact A-or B-type fcc-octamer results in a single diamond shaped compact nonamer as shown in Fig. 20(a  -b) for the case of B-type fcc-octamer to a compact diamond shaped fcc-nonamer (having equal A-and Bstep lengths). Similarly, compact A-or B-type hcpoctamer results in a single diamond shaped compact hcpnonamer. Two other almost compact diamond shaped configurations of a nonamer for each fcc-and hcp-non- amer with a kink in A-or B-step (See Fig. 21(a -b) ) are also oberved in out simulations. We find that fccnonamer with a kink in A-step is most stable configuration whereas fcc-nonmaer with a kink in B-step ( Fig. 21  (d) ) is 0.002 eV higher in energy. Similarly hcp-nonamers with a kink in A-step and B-step ( Fig. 21 (a) ) are less stable than most stable nonamer by 0.004 eV and 0.005 eV respectively. Least stable configuration are the symmetric fcc-and hcp-nonamers ( Fig. 21 (e & f) ) by 0.007 eV and 0.010 eV respectively. Most frequently observed processes for a nonamer are single-atom processes like edge diffusion processes either along A-or B-type step edges or corner rounding and kink detachment processes (K3 → A2(B2), see Fig. 25 ). In contrast, concerted diffusion processes although picked less often but does contribute most to the nonamer diffusion, since they produce large displacement in the center of mass, and as usual with these types of processes a compact island converts from an all-fcc to an all-hcp island. Although single-atom process individually do not produce big displacement to the center of mass of an island, in case of a nonamer they are the most frequently observed processes and do contribute to smaller extent to the island diffusion. This can be concluded by comparing effective activation barrier for this island size in table. IX, and activation barriers for single atom processes in table. VIII and concerted processes in table. VI. Effective activation barrier is slightly larger than the maximum activation barrier for most frequently observed concerted processes. Some of the most frequently observed compact Table. VI shows the activation barriers for concerted processes in all 3 directions for nonamers shown in Fig. 21 . Furthermore for these 9-atom islands, concerted diffusion in the direction 1 & 2 are the most frequently observed concerted processes during the island diffusion. Fig. 22 shows frequently observed multi-atom process and its activation barrier during nonamer diffusion. This is again is a shearing of dimer along A-type step-edge similar to what was observed previously with other island sizes. With this shearing process atoms diffuse from one fcc (hcp) to another fcc (hcp) sites and appears as though a dimer is diffusion along an edge of compact 7-atom cluster. Activation barrier for this shearing process is lower than a single-atom diffusion along an edge as well as a corner rounding process. We note that this dimer forms an A-type step edge to the 9-atom island.
Although not shown here, we have also observed reptation processes 37 as well and activation barriers for the intermediate processes were ever lower than single-atom diffusion processes, but former happens only when the shape of the island is non-compact.
Decamer
There are two possible compact geometries, one for each fcc-and hcp-decamer as shown in Figs. 23(a & b) with fcc-decamer being 0.003 eV more stable than compact hcp-decamer. In the case of a decamer we have observed a variety of single-atom, multi-atom and concerted diffusion processes as well. Most frequent shaped observed in our simulations are the compact shapes as shown in Fig. 23 which has same number of A-and Btype step edges of same length. For this shape most frequently observed process was concerted diffusion processes as shown in Fig. 23 along with their activation barriers and as usually changes all-fcc cluster into a allhcp cluster and vice versa. Table. VII shows activation barriers for the concerted process shown in Fig. 23 in all 3 directions both for fcc and hcp clusters.
For a non-compact 10-atom cluster we have also ob- served multi-atom processes like shearing and reptations. Dimer shearing process along A-type step-edge similar to what has been observed for small clusters is the most frequently observed shearing process. Fig. 24 shows diffusion processes involved in a reptation process along with their activation barriers
Single-atom processes
Various types of single-atom processes like edge diffusion, corner rounding, kink attachment, kink detachment etc were automatically identified and their activation barriers were found during our simulations. Some of these single-atom processes are shown in Fig. 24(a &  b) for an hcp island with their activation barriers and those for their fcc analogs are given in Table VIII each single-atom process, an atom on an fcc site moves to a nearest-neighbor vacant fcc site, while an atom on hcp site moves to a nearest-neighbor vacant hcp site. These single-atom processes are also referred as longjumps. We also found, specially for small islands of size 1-6, single-atom processes, called short-jumps, in which an atom on an fcc(hcp) site moves to nearest-neighbor hcp(fcc) site. These short-jump single-atom processes are dominant diffusion mechanism for hetero-epitaxial system with large lattice mismatch. Note that the activation barriers for single-atom processes depend not only on whether the atom is part of an fcc island or an hcp island but also on the neighborhood of the diffusing atom (like atom diffusing on an A-type or a B-type step edge, corner, kink etc).
To classify single-atom processes in Table VIII we have used the notation X ni U → Y n f V, where X or Y = A (for an A-type step-edge) or B (for a B-type step-edge) or K (for kink) or C (for corner) or M (for monomer); n i = the number of nearest-neighbors of the diffusing atom before the process; n f = the number of that atom's nearest neighbors after the process. U or V = A or B (for corner or kink processes) or null (for all other other process types).
For example, process 1, B 2 → B 2 , is a single-atom B-step edge process in which the diffusing atom has 2 nearest-neighbors before and after the process. Process 3, C 1 B → B 2 , is a corner rounding process towards a B-step, the diffusing atom starting on the corner of a B-step with one nearest-neighbor and ending up on the B-step with two nearest-neighbors. In process 10, C 2 A → C 1 B, the diffusing atom begins on the corner of an A-step having two nearest-neighbors and ends up on the corner of a B-step with only one nearest-neighbor.
IV. DIFFUSION COEFFICIENTS AND EFFECTIVE ENERGY BARRIERS
We start our simulations with an empty database. Every time a new configuration (or neighborhood) is found, SLKMC-II finds all possible processes and their activation barriers for it on-the-fly and stores them in a database. Since the processes and their activation barriers are dependent on island size, each one of them has separate unique database. We carry out 10 7 KMC steps for each island size at temperatures 300K, 400K, 500K, 600K and 700K. The diffusion coefficient of an adatom island is calculated by
2 )/2dt, where D is the diffusion coefficient, R COM (t) is the position of the center of mass of the island at time t, and d is the dimensionality of the system which in our case is 2. Diffusion coefficients thus obtained for island sizes 1 − 10 are summarized in Table IX . Effective energy barriers for each island size are extracted from their respective Arrhenius plots as shown in Fig. 26 while Fig. 27 shows plot of effective energy barriers as a function of island size. Table. VIII, which gives the activation barriers for each. 
V. DISCUSSION
To summarize, we have performed a systematic study of the diffusion of small Ag (1-10 atom) islands on Ag(111) surface, using newly developed self learning KMC (SLKMC-II) simulations in which the system is allowed to evolve through mechanisms of its choice with the usage of a self-generated database of single-atom, multiatom and concerted diffusion processes. Specifically, diffusion processes like concerted processes and multi-atom processes involving fcc-fcc, fcc-hcp and hcp-hcp jumps are automatically found during the simulations. We find that these small-sized islands diffuse primarily through concerted motion with a small contribution from single atom processes, even though for certain cases the frequency of single atom processes is large because of lower activation energies. Furthermore multi-atom processes including shearing and reptation, which are activated at higher temperature, contributes rarely to the diffusion of island. Interestingly enough, energy barriers for reptation processes are small but they are only occurred when island shape is non-compact which is rare for the tem- perature range we study here. We present in Fig. 28 the total number of processes found by our simulations for different island sizes. As can be seen from it, number of processes increase exponentially, specially beyond 4-atom island, suggesting the need for an automatic way of finding all the possible processes during simulations. Also by the inclusion of fcc and hcp sites in the pattern recognition scheme allows us to get all possible concerted processes which involve motion from fcc-hcp sites. Fig. 28 also shown single atom and multi atom processes. Allowing the system the possibility of evolving in time through all types of processes of its choice, we are able to establish the relative significance of various types of atomistic processes through considerations of the kinetics and not just the energetics and/or the thermodynamics, as is often done. For small Ag islands on Ag(111), we find the effective barriers for diffusion to scale with island size.
